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This work identifies a scaling parameter (which is a modified Damkohler number) that is found to correlate the
flame blowout limits that were measured in six previous studies of nonpremixed flames which were stabilized in
high-speed airflows by wall cavities, bluff bodies, and struts. Understanding the scaling of the combustor is needed
to select the correct height of a cavity or step flameholder for ramjets, scramjets, or afterburners. This work
focuses on nonpremixed conditions that occur when fuel is injected directly into a wall cavity or behind a strut, as
is done with new designs. Thus, the Damkohler number that is identified is different from of that of Zukoski and
Ozawa, who considered the different case of premixed flames in afterburners. Nonpremixed conditions introduce
a new parameter that is not relevant for premixed conditions: the location of the fuel injector with respect to the
recirculation zone. An analysis of a shear layer was performed in order to derive equations for the appropriate
Damkohler number. Using this result, approximately 100 measured values of blowout limits from six previous
studies were plotted, and a best-fit correlation curve that has a rich limit branch and a lean limit branch was
determined. Although this correlation result provides a general estimate of blowout limits, it also indicates that
additional research is needed to reduce the scatter in the correlation by improving the model of entrainment
into the recirculation zone and by including unsteady effects. The results show that a reasonable correlation is
achieved using the concept that the propagation speed of the flame in the shear layer is matched to the velocity
of the local incident gas flow. Hot products in the recirculation zone preheat the shear-layer gases and increase
the propagation speed of the flame. The analysis avoids an assumption that has been used previously—that the
residence time of reactants in a “well-stirred” homogeneous reaction zone is matched to a global chemical reaction
time. Experimental justification of the present approach is presented.
Nomenclature
DaNP = critical Damkohler number at flame blowout,
for nonpremixed conditions
DaP = critical Damkohler number at flame blowout,
for premixed conditions [Eq. (1)]
f = mixture fraction (defined in Ref. 33)
H = step height (Fig. 1)
h = liftoff distance in x direction
LRZ = recirculation zone length
MA = Mach number of airstream
m A = characteristic air mass flow rate [Eq. (3)]
m F = fuel mass flow rate
R = velocity ratio URZ/UA
rs = stoichiometric fuel-air ratio
Sbase = propagation speed of base of the lifted flame
S0 = stoichiometric laminar burning velocity at
300 K, 1 atm
s = density ratio ρRZ/ρA
T = static temperature
TF = fuel-injection temperature
T0 = stagnation temperature
U = axial velocity of gas
W = spanwise width of step
x = streamwise distance
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YP,RZ = mass fraction of products in recirculation zone
α0 = thermal diffusivity of fuel-air mixture at 300 K, 1 atm
β = empirical constant
δA = shear-layer thickness
ε = mixing efficiencies [Eqs. (32), (51)]
τNP = characteristic flame timescale for nonpremixed
fuel-air cases
τPREMIX = characteristic chemical time for premixed fuel-air
cases of Ozawa
φ = premixed fuel-air equivalence ratio used by
Ozawa [Eq. (1)]
φo = overall fuel-air equivalence ratio [Eq. (4)]
Subscripts
A = air (freestream) side of shear layer
F = fuel side of shear layer
RZ = recirculation zone
s = along stoichiometric contour just upstream of
flame base
I. Introduction
T HIS research effort addresses the issue of how to properlyscale combustor properties in high-speed propulsion devices
that use directly fueled recirculation zones for flame stabilization.
It is known that an important nondimensional scaling parameter
is the Damkohler number,1−5 which can be used to relate the re-
quired step height H in a laboratory device to that of a full-scale
engine. Unfortunately, most existing theoretical and empirical rela-
tions for flame blowout only apply when the reactants are premixed,
which commonly occurs in afterburners. However, in modern dual-
mode scramjets, the combustion is nonpremixed because fuel is in-
jected directly into wall cavities6−12 or the wake of struts13,14 or bluff
bodies.15−20 Nonpremixed combustion also occurs in other propul-
sion devices that use a “trapped vortex”21,22 or swirl23−25 for flame
stabilization. Direct injection creates local fuel-rich and fuel-lean re-
gions that are separated by near-stoichiometric “flammable zones.”
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Previously, little work has been done to correlate nonpremixed
flame blowout limits in high-speed devices. However, extensive
work has been done for the premixed case; this work has been
summarized by Zukoski and Marble1 and by Ozawa.2 Zukoski and
Marble proposed that blowout occurs when the gas residence time
in the shear layer equals the ignition delay time. If the premixed
reactants are convected past the recirculation zone too quickly, the
heat conducted from the hot recirculating gases will be insufficient
to ignite the mixture. Ozawa later showed that the minimum step
height H is given by
DaP(φ) = (H/U )/τPREMIX = exp[8.75(φ − 1)2] (1)
DaP is the Damkohler number at blowout for premixed conditions;
it is the ratio of a fluid mechanical time to a chemical time. U is
the freestream velocity, and τPREMIX is the characteristic chemical
time for premixed fuel-air conditions. Equation (1) indicates that
blowout in a large-scale device (i.e., for large values of H and U )
will occur at the same Damkohler number as in a small-scale device
(for small values of H and U ), if both premixed devices have the
same equivalence ratio φ.
Ozawa2 determined the characteristic time τPREMIX in Eq. (1)
for premixed flames by plotting measured values of H , U , and φ.
Blowout data for kerosene fuel collapsed to the single curve given
by Eq. (1) for the following chemical time:
τPREMIX = (0.21 ms)[T0/300 K]−1.5(p/1 atm)−1(d/de) (2)
T0 and p are the stagnation temperature and static pressure of the
freestream, and d/de is a factor that varies between 1 and 2 for
circular and V-shaped flameholder geometries. One can see from
Eqs. (1) and (2) that a smaller step height can be used if one increases
T0, or p, or if one reduces U , or if the value of φ approaches unity.
Figure 1 is a plot of Eq. (1), which is named the Ozawa curve
and is used to estimate the blowout limits of subsonic, premixed
hydrocarbon-air flames in afterburners. Note that the horizontal axis
is logarithmic, so that the function on the right side of Eq. (1) has the
shape of a parabola. Unfortunately Eqs. (1) and (2) and Fig. 1 apply
only to premixed flames because they assume that the combustion
always occurs at the known equivalence ratio φ of the premixed
reactants. Therefore, the goals of the present work were to 1) use
concepts that apply to nonpremixed flames to derive a scaling rela-
tion analogous to Eq. (1) in which the Damkohler number appears;
2) identify nonpremixed flame timescale τNP that applied for non-
premixed conditions and is analogous to the premixed chemical
time given by Eq. (2); 3) plot measured blowout limits from six
nonpremixed flame studies to determine if the nonpremixed flame
timescale τNP does allow the data to be correlated by single curve
that is suggested by the analysis; and 4) use the analysis to identify
sensitive parameters that need to be better quantified to improve the
prediction of blowout limits.
Figure 2 shows the three different types of flameholders that were
considered. A step, a wall cavity, and a strut all have three basic com-
ponents: a shear layer, a recirculation zone, and an outer freestream
Fig. 1 Plot of the Ozawa curve2 [Eq. (1)], which correlates blowout
limits of premixed subsonic flames.
Fig. 2 Schematic showing that step, cavity, and strut flameholders
consist of the same components: a shear layer located between the
freestream and the recirculation zone.
Fig. 3 Components of the shear layer in the nonpremixed flames con-
sidered and a photograph of the flame emission from Mach 2.0 super-
sonic cavity-stabilized flame of Ref. 12, showing that the flame is stabi-
lized in the shear layer. A flammable zone exists between the airstream
and the recirculation zone. The lower figure show several typical loca-
tions where fuel is injected.
of air. Figure 3 illustrates the locations where fuel is normally in-
jected. In some cases the fuel is injected upstream of the step at
location a so that the fuel enters directly into the shear layer. How-
ever, for other cases the fuel is injected directly into the recirculation
zone at location d. The injector location becomes an important new
variable that does not appear in previous analyses3,4 of premixed
flame blowout limits. For example, it has been observed9,21 that if
fuel is injected directly into the recirculation zone at location d, it
is easier to “flood” the cavity with a fuel-rich mixture, forcing the
flammable region to move upward and into the high-speed airstream.
This tends to suppress the fuel-rich blowout limit (i.e., it limits the
amount of fuel that can be injected before the flame blows out). If
fuel is injected upstream of the step at location a, then much of the
fuel can bypass the cavity. This tends to enhance the fuel-rich limit,
but it suppresses the lean limit. If fuel is injected at location b, it
also enters directly into the recirculation zone. Fuel that is injected
at location c is observed9 to flow upward into the shear layer, as
shown in Fig. 3.
Figure 3 also contains a photograph of the flame location for the
supersonic cavity-stabilized flame studied in Ref. 12. This photo
provides evidence that chemical reaction does not occur homoge-
neously throughout the recirculation zone, but that a localized re-
action (a flame) exists in the shear layer near the top of the cavity.
It is concluded from Fig. 3 that the flame is stabilized in the shear
layer, and so we denote this condition as the shear-layer-stabilized
flame regime. There are other possible regimes for which the flame
instead is stabilized within the recirculation zone or at the fuel injec-
tor. Because flame stabilization was observed to occur in the shear
layer in many instances for the conditions reported in Ref. 9, the
shear-layer properties will be used to explain the present findings.
Figure 4 provides a physical explanation of the fuel-rich blowout
limit. The rich limit is defined as the condition for which an ex-
cessive mass flow rate of fuel is injected, causing the flame to
blowout. The solid line within the shear layer in Fig. 4a represents
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a)
b)
Fig. 4 Physical explanation of the rich blowout limit: a) heat transfer
from hot products in the recirculation zone increases the temperature at
lower edge of shear layer TRZ; b) increasing the fuel flow rate mixes cold
fuel into the recirculation zone, reduces TRZ and the flame propagation
speed Sbase until it is less than the oncoming gas velocity, and so the
liftoff height h moves downstream.
the stoichiometric contour. Experiments26−29 have confirmed that
a lifted nonpremixed jet flame is located along the stoichiometric
contour. The curve labeled Us(x) in Fig. 4b represents the gas ve-
locity along that contour. Even though the fuel and air are initially
nonpremixed, there will be local premixing in the liftoff region,
which is represented by the thin line to the left of the location s
marked in Fig. 4a. Studies of lifted subsonic jet flames27−29 have
shown that the lifted flame base has a premixed flame character,
and it propagates into the locally premixed mixture, even though
most of the fuel is consumed in the downstream nonpremixed flame
region. The horizontal lines labeled Sbase represent the propagation
speed of the flame base. This propagation speed depends on the
unburned gas temperature just upstream of the flame base, which
is elevated because of heat transfer from the hot gases in the recir-
culation zone. The x location where the curve of gas velocity Us
crosses over the curve of propagation speed Sbase in Fig. 4b is the
liftoff height h1. As the fuel flow rate is increased toward the rich
limit, more cold fuel enters the recirculation zone, and so the fuel
and products in the recirculation zone become cooler, then the gas
temperature upstream of the flame base decreases. This causes the
curves of propagation speed Sbase to decrease as shown. The liftoff
distance h shown in Fig. 4b increases until it approaches LRZ and
the reactants are no longer preheated, and so rich blowout occurs.
In addition, the stoichiometric contour is forced to move upwards
into the higher velocity freestream, which is destabilizing.
II. Correlation of Blowout Limits
for Nonpremixed Flames
To quantify the blowout limits, it is useful to define the overall
fuel-air equivalence ratio of a nonpremixed flame φo. It is not im-
plied that this overall equivalence ratio is an indicator of any local
equivalence ratio. Instead φo simply is defined such that when φo suf-
ficiently exceeds one there is too much fuel injected, which causes
the cavity to become flooded with fuel, forcing the stoichiometric
contour up into the higher velocity region near the freestream, caus-
ing flame blowout at the rich limit. When φo is sufficiently less than
one, not enough fuel is injected, and so a lean-limit blowout occurs.
To define φo, it is necessary to first define a characteristic air mass
flow rate. The total mass flow rate of air contained in the freestream
is not appropriate because this flow rate can be made arbitrarily
large by increasing the height of the freestream above the recircu-
lation zone, and this height is not a relevant parameter. Winterfeld6
and Kundu et al.4 present data showing that the air mass flow rate
entrained into a recirculation zone behind a bluff body of height H
and width W is proportional to ρAUA H W . Therefore, following the
convention set by Winterfeld,7 the characteristic air mass flow rate
is defined as
m A = 0.01ρAUA H W (3)
Thus, m A is 1% of the freestream airflow rate that would flow
through an area equal to the product of the step height H and width
W . In this definition the value of 1% is chosen for convenience; it
happens to cause the rich and lean limits to converge at an overall
equivalence ratio of approximately unity, as shown next. The char-
acteristic air mass flow rate defined by Eq. (3) is appropriate because
it is proportional to the mass flow rate of air that is entrained into
the shear layer, over the streamwise distance from x = 0 to LRZ.
Consider one side of a shear layer where the layer boundary is at a
height δA above the layer centerline. The air mass flow rate crossing
this boundary must be ρAUAδAW . Furthermore, δA is proportional
to LRZ, which is proportional to the step height H because the con-
stant LRZ/H is assumed to be known. It is noted that m A is used only
for scaling purposes; it is not assumed that all of the air entrained
into the shear layer is available for combustor or that it enters the
recirculation zone. For an axisymmetric bluff body, the step height
H is defined as the radius of the bluff body, and the width W is
defined as the bluff-body circumference.
The overall equivalence ratio is defined as
φo = (m F/m A)r−1s (4)
The quantity rs is the stoichiometric fuel-air ratio, which has
the value listed in the Appendix for several fuels. Note that for
nonpremixed flames the combustion chemistry does not occur at
the overall equivalence ratio φo; instead, the flame tends to lo-
cate itself near the local stochiometric contour, as confirmed by
experiments.27−29 Varying φo only has an indirect effect on the
chemistry; it can move the location of the stoichiometric contour
farther from the hot recirculation zone, which lowers the temper-
atures of the gas entering the flame. The Damhohler number for
the nonpremixed case is denoted DaNP and is defined in a manner
analogous to that of Ozawa2:
DaNP = (H/UA)/τNP (5)
An important research issue is how to properly define the flame
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D−1 at the rich limit φ0 > 1 (6b)
and
A = [1 + β3(LRZ/H)r−1s φ−1o ]−1 (7)
B = [1 + β1(H/LRZ)rsφo]−1 (8)
C = fs[1 − B]−1 D = (LRZ/H)(1 − C)−1φoβ2 (9)
S0 and α0 are the stoichiometric laminar burning velocity and the
mass diffusivities of the mixture at 1 atm 300 K. TAD is the adiabatic
flame temperature listed in Table 1, and T0A is the air stagnation
temperature. The ratio LRZ/H is a known constant that has been
measured6 to be approximately two for a bluff body. For a wall cavity
it approximately equals the cavity length to height ratio. Values of
the stoichiometric mixture fraction fs are listed in the Appendix.
The four quantities β1, β2, β3, and β4 are empirical constants.
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Table 1 Examples of some flame blowout limits reported previously
References Mach number Fuel H , step ht., mm Da T0A , K UA , m/s m F , g/s m A , g/s φo Limit
Winterfeld7 2.1 H2 10 3.48 375 530 0.40 4.00 3.45 Rich
Bluff body 2.1 H2 10 1.22 375 610 0.09 4.60 0.69 Lean
Rasmussen et al.9 2.0 C2H4 17 3.92 590 711 1.98 9.16 3.18 Rich
Wall cavity 2.0 C2H4 17 1.23 590 711 0.35 6.70 0.77 Lean
Niioka et al.13 1.5 H2 7.5 5.7 500 546 0.56 1.80 10.7 Rich
Strut 1.5 H2 7.5 3.5 500 546 0.27 1.61 5.8 Rich
Gruber et al.10 cavity 2.0 C2H4 17 1.89 590 711 0.33 8.60 0.56 Lean
Schefer et al.17 0.3 CH4 25 1.02 296 105 0.26 5.00 0.9 Lean
Fig. 5 Correlation of measured rich and lean blowout limits from six
nonpremixed flame studies compared to Eqs. (7) and (8) (——), using
the proposed nonpremixed chemical time τNP.
To assess the validity of Eqs. (5–9), approximately 100 values
of flame blowout limits first were tabulated from the results of six
previous studies of nonpremixed flames.7,9,10,13,17,23 Table 1 lists
several of the values of the blowout limits. Then a plot that is similar
to the form of the Ozawa plot was generated; the overall equivalence
ratio φo was plotted against the inverse of the Damkohler number
that is defined by Eq. (5). Each of the four empirical constants
(β1–β4) in Eqs. (6–9) was set to an optimum value to determine if
the measurements can be correlated and represented by Eqs. (5–9).
Figure 5 shows the results of the effort to correlate the rich and
lean blowout limits. The vertical axis represents the overall equiv-
alence ratio defined by Eqs. (3) and (4), and the horizontal axis
represents the inverse of the Damkohler number. Values plotted in
Fig. 5 include measurements reported for supersonic bluff-body
stabilizers and hydrogen fuel by Winterfeld7 (Fig. 14). Supersonic
cavity-stabilized flame blowout limits were measured by Rasmussen
et al.9,12 and Gruber et al.,10 who used ethylene fuel. Supersonic dual
struts and hydrogen fuel were used by Niioka et al.13 (Figs. 3 and
4). Also shown in Fig. 5 are results for the subsonic bluff-body hy-
drocarbon flames of Schefer et al.17 and Feikema et al.23,24 The lean
Table 2 Values chosen for the four empirical constants in
Eqs. (6–8) [Injector location (Fig. 3)]
A, C = fuel B, D = fuel
Injected into Injected into
Empirical constant shear-layer recirculation zone
β1 Rich limit 5 4
β2 Rich limit 0.025 0.025
β3 Lean limit 0.002 0.004
β4 Lean limit 1.0 1.0
and rich blowout limits are defined to occur when the fuel mass
flow rate is either decreased or increased sufficiently to cause flame
blowout. The values of the four empirical constants β1 to β4 are
listed in Table 2. β1 is shown to be proportional to the fraction of
fuel entrained into the shear layer, so that the value of β1 is larger
when the fuel is injected directly into the shear layer from locations
A and C that are identified in Fig. 3. β3 is proportional to the fraction
of fuel entrained into the recirculation zone, so that the value of β3
is larger when fuel is injected directly from locations B and D.
It is observed that most of the measurements plotted in Fig. 5 are
clustered about the two solid lines, which are represented by
Da−1NP = φo for the lean limit φ0 < 1 (10)
= φ−1o for the rich limit φ0 > 1 (11)
Note that the upper solid line in Fig. 5 (the rich limit) has a slope of
−1, and the lower solid line (the lean limit) has a slope of +1. These
two solid lines represent the formulas that are derived in the next
section. Therefore it is concluded that the scaling parameter τNP that
is suggested by our analysis does adequately correlate the data in
Fig. 5. Of course this is an empirical correlation because the four
constants β1–β4 were selected to optimize the curve fit. However
Eqs. (5–11) represent a useful way to estimate the step height H
required to stabilize nonpremixed flames.
The scatter of the data in Fig. 5 is believed to be caused by several
factors. First, it is predicted by Eqs. (5) and (6) and by previous
researchers2−5 that if the type of fuel is changed the step height
required should scale as the inverse square of the burning velocity
S0. Therefore, if hydrogen fuel is replaced with methane, which
burns six times slower than hydrogen, the minimum step height is
expected to be 36 times larger. Although methane flames are found
to be less stable than hydrogen flames, this predicted factor of 36
is larger than the factor that is measured, for reasons that are not
understood. A second source of scatter in Fig. 5 is that the complex
entrainment of hot products and fuel into the recirculation zone is not
sufficiently understood. Factors that can affect entrainment that were
not considered include the effect of the flame on the entrainment,
the molecular weight of the fuel, and various details about the fuel-
injection process. In the analysis of the next section, it is assumed
that the flame is stabilized in the shear layer. This is usually a good
assumption, based on the images in Ref. 12, but in some cases
this assumption might be violated, which can cause some of the
scatter in Fig. 5. Additional research is needed to better quantify the
unsteady entrainment process and the details of the flow near the
injectors.
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Fig. 6 Plot of Eqs. (5–9) showing that the stable regime becomes larger
as the stagnation temperature of the air is increased. These curves are
similar to the measured curves in Ref. 15. Fuel = hydrogen; p = 1 atm,
LRZ/H = 2.0, and W/H = 6.
Figure 6 provides additional evidence that the proposed chemical
time is realistic. Blowout limits were calculated using Eqs. (5–9)
for two air stagnation temperatures: 600 and 1000 K. The fuel is
hydrogen, and the fuel-injection temperatures are equal to the air
stagnation temperatures. Note that no chemical time appears on
the horizontal axis, and so the two curves that are plotted are not
expected to collapse to a single curve. The calculated rich and lean
blowout limits merge at a value of φo of approximately unity, and
increasing the stagnation temperature causes the curves to shift to the
right, leading to a larger range of stable conditions. Previously, Yoon
et al.15 reported blowout measurement on a plot that was similar to
Fig. 6, and the shape of the measured curves is in agreement with
those seen in Fig. 6.
III. Effect of Fuel Injection Location
Inspection of the data reported by Rasmussen et al.9 indicates
some differences between fuel injection at the cavity floor location
(c in Fig. 3) and at location d, which is on the downstream wall
of the cavity. Injecting fuel from floor location c forces fuel to go
directly upward into the shear layer, so that much of the fuel will be
transported over the cavity and will not enter the downstream region
of the recirculation zone. Therefore, large fuel flow rates injected at
c will not flood the cavity with fuel. However, large fuel flow rates
injected at location d will go directly into the recirculation zone and
will flood the cavity with fuel. Consistent with this idea, the rich
blowout limits of Ref. 9 are observed to be larger for injection at
location c than at d.
To account for these observations, the constantβ3 in Eq. (7) should
be smaller when fuel is injected at c than at d because the following
analysis indicates that β3 is proportional to the fraction of fuel that
is entrained into the recirculation zone, rather than into the shear
layer. Therefore β3 was chosen to be 0.002 for injection location c
and 0.004 for location d. These values provide the best fit to the data
to Eqs. (10) and (11).
IV. Comparison of Nonpremixed and
Premixed Flame Blowout Limits
It is observed that the curve in Fig. 5 that correlates nonpremixed
flame blowout limits has the same general appearance as the Ozawa
curve (Fig. 1) for premixed flames. In both figures the measurements
collapse to a curve that reaches a maximum value of Da−1 at an
equivalence ratio of approximately one. Another similarity is that
both the premixed and nonpremixed chemical times decrease as one
increases the stagnation temperature or the static pressure of the
freestream, as indicated by Eqs. (2), (6a), and (6b). This is expected
because a smaller chemical time should cause the flame to become
more stable.
Several major differences between nonpremixed and premixed
blowout limits can be seen by comparing the flame timescales given
by Eqs. (2) and (6). The location where the fuel is injected is impor-
tant in the nonpremixed case [and it affects the parameters β2 and β3
in Eqs. (7) and (9) and Table 2], but the location of fuel injection is
not relevant to the premixed case. The stoichiometric mixture frac-
tion fs plays an important role in the nonpremixed case because it
appears in Eqs. (6a) and (9), but it does not appear in the premixed
flame timescale [Eq. (2)]. For example, a nonpremixed hydrogen-
air flame must lie close to the region where the mixture is 97.1%
air and 2.9% fuel by mass ( fs = 0.029). The location of a premixed
flame depends on a different parameter—its burning velocity.
Another difference is that the temperatures of the fuel and air
appear as separate terms in Eqs. (6a) and (6b) because they can be
injected with different temperatures in the nonpremixed case, but
not in a premixed situation. The definition of equivalence ratio also
differs; for the premixed case φ is proportional to the actual amount
of fuel that is locally mixed with air, and so φ controls the local
chemistry. For the nonpremixed case φo simply indicates the mass
flow of fuel relative to that of air; the chemistry is not required to
occur at a local equivalence ratio equal to φo. For these reasons
the Ozawa relation [Eq. (1)] should not be applied to nonpremixed
flames.
V. Derivation of the Nonpremixed Flame
Timescale τNP for the Rich Blowout Limit
In this section a formula for the nonpremixed flame timescale
τNP is derived using shear-layer similarity concepts. The following
simplifying assumptions were made:
1) Upstream of a lifted flame base there exists a flammable
zone in the shear layer between the fuel-rich and fuel-lean layers,
and a stoichiometric contour exists. Experimental evidence that the
flammable zone exists upstream of a lifted nonpremixed jet flame
is provided by Refs. 27–29.
2) The fundamental assumption for flame stability30 is that even
though the fuel and air initially are nonpremixed, they mix in the
nonreacting liftoff region so that the flame base is a premixed flame
that propagates at a velocity Sbase which is equal to the gas velocity
along the stoichiometric contour Us ; thus,
Sbase(Ts) = Us (12)
The location s is marked in Fig. 4a; Us is the gas velocity at that
location. Sbase is a function of the temperature Ts of the reactants
just upstream of the flame base, and the reactants are heated by heat
transfer from the recirculation zone. Experimental verification of
Eq. (12) is provided by Upatnieks et al.31 and Muniz and Mungal.32







This requirement ensures that if the flame is perturbed to move
downstream, at the new location the propagation speed will exceed
the local gas velocity, so that the flame will propagate back to its
original location.
3) Rich blowout is observed in experiments9 to occur when the
fuel mass flow rate is increased sufficiently to force the flame liftoff
distance h to move sufficiently far downstream. This observation
suggests that the gas upstream of the flame base is heated by heat
transfer from the recirculation zone, and this heat transfer is di-
minished when h approaches LRZ. Based on these experimental
observations, it is assumed that rich blowout occurs when the liftoff
distance h equals
h = LRZ rich blowout (14)
It is understood that blowout might occur when h is some fraction of
LRZ, rather than exactly equal to LRZ. However it is sufficient to use
a constant of proportionality of 1.0 in our scaling analysis because
this constant becomes part of another constant that is determined
empirically.
4) It is assumed that the flame base always is located within
the shear layer and not within the recirculation zone for the cases
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considered. The stoichiometric fuel-air ratio for hydrocarbon and
hydrogen fuels does not exceed 0.07; thus, the stoichiometric con-
tour is forced to be relatively close to the airstream where the local
fuel-air ratio is zero. Measurements by Winterfeld6,7 and by Kalt
et al.33 indicate that the recirculation zone is filled with either hot
products and fuel (near the rich blowout limit) or hot product and
air (near the lean limit), but the measurements do not indicate that
fuel and air are present simultaneously. Kalt et al.33 also showed that
the flammable zone (where significant oxygen exists) occurs only
in the shear layer between the recirculation zone and the airstream.
Images of supersonic flames in Ref. 12 indicate that normally the
flame is stabilized in the shear layer. However, in some cases in
Ref. 12 the flame exists within the recirculation region, and it is not
clear where it is stabilized. We will only consider cases for which
the flame is stabilized in the shear layer.
5) It is assumed that blowout is not governed by the requirement
that the fluid residence time in the recirculation zone is matched
to some chemical reaction time, which has been assumed in the
past3 for premixed flames. This previous idea assumed that a dis-
tributed reaction zone exists instead of a flame. Instead, images of
Ratner et al.34 confirm that thin flames exist and not distributed re-
action zones for intensely turbulent nonpremixed conditions. They
report images of very thin CH layers (that are less than 1 mm thick)
that lie within the shear layer (between a recirculation zone and
the airstream), and they see no evidence of distributed reaction
zones.
6) In the liftoff region of the shear layer (upstream of any chemical
reaction), it is assumed that there is similarity between the profiles
of mixture fraction f , stagnation temperature T0, and gas velocity
U , such that
f (y)
fRZ
= T0(y) − T 0A
T0,RZ − T0A =
UA − U (y)
UA − URZ (15)
This similarity relation arises because the equations that represent
the conservation of mixture fraction, enthalpy, and momentum are
identical if the axial pressure gradient is small and the Lewis number
and Schmidt number are unity. Even if a portion of the shear layer is
supersonic, Papaposchou and Roshko35 have shown that the shear
layer exhibits self-similarity. A typical profile of f (y)/ fRZ is shown
in Fig. 4. All three of the quantities equated in Eq. (15) have a value
of zero on the upper (air) side of the shear layer and have a value
of one on the lower (recirculation zone) side. Some justifications
for the preceding assumptions are provided by images of the flame
chemiluminescence reported by Rasmussen et al.12 for the cavity-
stabilized Mach 2.0 ethylene-air supersonic flame of Ref. 9. One
such image appears in the center of Fig. 3. The flame base is observed
in Fig. 3 to lie in the shear layer. As the fuel flow rate is increased near
the rich limit, it was observed that the flame base moves downstream.
Near the lean limit, as the fuel flow rate is decreased, the flame base
moves upstream. This observation is consistent with the preceding
assumptions 3 and 4.
Based on the preceding six assumptions, the problem reduces
to that of a flame that is stabilized in a stratified shear layer. The
boundary conditions on the air side are uniform and known (U = UA,
T0 = T0A, f = 0). On the lower side of the shear layer, the boundary
conditions depend on the entrainment into the recirculation zone.
We choose to define the lower edge of the shear layer as the location
where the axial velocity is zero. Thus the lower part of the shear
layer overlaps the upper portion of the recirculation zone. At this
lower edge, T = TRZ, and f = fRZ. In the recirculation zone it is
assumed that near the rich limit there is a uniform mixture of fuel
and products. Kalt et al.33 used Raman diagnostics and showed that
the recirculation zone contains a fuel-product mixture that is very
uniform in space, except at locations close to the flame. Therefore
TRZ and fRZ can be assumed to be nearly uniform throughout the
recirculation zone.
To use the fundamental flame stability criterion [Eq. (12)], it is
necessary to determine the gas velocity Us and the temperature Ts
just upstream of the flame base. Consider the case of a simple jet
flame36−38: the profiles of U/U0 and mixture fraction f should be
equal everywhere because of the similarity between the conservation
equations for these two quantities. U0 is the jet-exit velocity. Along
the stoichiometric contour U = Us and f = fs , so that in a jet flame
Us = U0 fs (16)
where  is a factor that accounts for gas expansion caused by the
flame, which causes streamlines to diverge.36−38 An adequate ex-
planation of measured liftoff heights of jet flames is obtained by
setting  equal to c1 (δ/x), where c1 is a constant and δ is the flame
thickness α0/S0. When this value of  is inserted into Eq. (16) and
the value of x is set equal to h, one obtains the well-known relation
for the liftoff height of a jet flame [Eq. (4) in Ref. 39]:





The blowout limit of a jet flame is determined by the criterion30,40
that the liftoff height cannot exceed the length of the flammable
zone of the jet, which is (c2d), where d is the jet diameter and c2 is a
constant. Equating this length to the liftoff height given by Eq. (15)








which has been verified by measurements made in jet flames.40
Now consider the cavity-stabilized flame, which has the stratified
shear layer shown in Fig. 3. We solve Eq. (15) for U and set U = Us ,
f = fs , and URZ = 0 at the lower edge of the shear layer, to obtain
Us = UA(1 − fs/ fRZ) (19)
 is a factor that accounts for gas expansion caused by a flame; we
assume that  has the same value (c1δ/x) as was used above for a jet
flame. Combining Eqs. (12) and (19) and setting x = h, δ = α/Sbase
leads to
Sbase = UA(1 − fs/ fRZ)(c1α/Sbase)/h (20)
After applying our blowout criterion that h = LRZ [Eq. (14)], re-








× [Sbase/S0]− 2[α/α0](1 − fs/ fRZ)c1 (21)
(LRZ/H)− 1 is a constant for a particular geometry, and S0 and α0 are
the reference values of the stoichiometric laminar burning velocity
and thermal diffusivity at 300 K and 1 atm. It is assumed that the
ratio of the turbulent burning velocity to the laminar burning velocity
(ST /SL ) is a constant, so that the velocity of the flame base can be
written:
Sbase/S0 = (ST /SL)(SL/S0) (22a)
The laminar burning velocity SL depends on the temperature and
pressure of the reactants according to41−43
SL/S0 = (Ts/300 K)1.75(p/1 atm)− 0.2 (22b)
where S0 is the laminar burning velocity at 300 K, 1 atm. The expo-
nents in Eq. (22) represent an average of values reported in Refs. 41–
43. The thermal diffusivity α also depends on temperature according
to
α/α0 = (Ts/300 K)1.5(p/1 atm)− 1 (23)
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where the constant c′1 is c1 (ST /SL)
−2. To determine the temperature
Ts just upstream of the flame base, which appears in Eq. (24), we
solve Eq. (15) for T0 and set it equal to Ts at the location where we
also set f = fs . This assumes that at the stoichiometric contour the
stagnation and static temperatures are nearly equal. Equation (15)
is reduced to
Ts = T0A + ( fs/ fRZ)(TRZ − T0A) (25)
The temperature in the recirculation zone TRZ depends on the mass
fraction of products YP,RZ, which coexist with fuel near the rich
limit. It is assumed that there is no reaction occurring in the re-
circulation zone (reactions only occur in the shear layer), so that
we consider the mixing of two streams in the recirculation zone:
hot products at temperature TAD and cold fuel at temperature TF .
Enthalpy conservation requires that
cP TRZ = YP,RZcP TAD + (1 − YP,RZ)cP TF (26)
where heat capacity is cP . Combining Eqs. (25) and (26) yields
Ts = T0A + ( fs/ fRZ)[YP,RZ(TAD − TF ) + (TF − T0A)] (27)
The problem has been reduced to that of determining the mass frac-
tion of products in the recirculation zone YP,RZ. The adiabatic flame
temperature TAD and initial fuel and air temperatures TF , T0A in
Eq. (27) are given.
VI. Parameters That Characterize Entrainment
The analysis leading to Eq. (27) indicates that an important pa-
rameter is the mass fraction of the product that is entrained into the
recirculation zone YP,RZ, which controls the gas temperature in the
recirculation zone. Although it is not possible to calculate entrain-
ment rates accurately, we instead will use the scaling relations that
have been measured by Winterfield,6 Bovina,20 and Slessor et al.44
that characterize the entrainment into recirculation zones and shear
layers. First consider the entrainment of air into the shear layer
shown in Fig. 7, which has a height δA at the downsteam end of
the wall cavity. The mass flow rate of air that is entrained into a
supersonic shear layer mA,SH over a streamwise distance x has been
reported by Slessor et al.44 to be









(1 − R)(1 + s 12 )
(1 + s 12 R)
{
1 − (1 − s
1
2 )/(1 + s 12 )






Equation (29a) can be simplified because the shear layer shown
in Fig. 7 has density ratio (s = ρRZ/ρA) that is approximately zero
because the density of the hot gas in the recirculation zone is assumed
to be much less than the density of the airstream. Similarly, the
velocity ratio (R = URZ/UA) also is approximately zero because
on the lower side of the shear layer is defined to be where the
streamwise gas velocity is zero. Reference 44 (Fig. 2) indicates
that the compressibility term (δA/δ0) is approximately equal to 0.2
over the Mach-number range from 0.8 to 3 and the constant cδ is
0.35. With these values, Eq. (29a) becomes
δA/x = 0.026 (29b)
Fig. 7 Schematic of several
hypothetical paths that the fuel,
the product, and the air could
follow, leading to the entrain-
ment of fuel and products into
the recirculation zone near the
rich blowout limit.
Because mA,SH is the mass per second of air entrained into the shear
layer from x = 0 to LRZ, we set x in Eq. (28) equal to LRZ, and
combine Eqs. (28) and (29b) to obtain
mA,SH = 0.026ρAUAW LRZ (30a)
Now we consider the entrainment of mass into a recirculation
zone; the appropriate scaling relation was measured by Bovina20
and later by Winterfeld6 to be
mA,RZ = KρAUAW LRZ (30b)
where K is an entrainment constant that varied between 0.010 and
0.025. To measure this relation, both Bovina and Winterfeld filled
a recirculation zone behind a bluff body with a tracer gas (sodium
vapor and boron fluoride, respectively). The tracer flow was sud-
denly discontinued, and the rate at which the tracer light signal
decayed in time was measured. This indicated the rate at which di-
lution air was entrained. Note that these previous experiments show
that the mass flow rate that is entrained into a recirculation zone
[Eq. (30b)] is proportional to the mass flow rate, which is entrained
into the shear layer [Eq. (30a)].
We now use the entrainment rate formulas [Eqs. (30a) and (30b)]
from Refs. 6, 20, and 44 to determine scaling relations for the gas
composition of the recirculation zone. Figure 7 is a schematic that
shows that a portion of the total fuel flow rate and a portion of the
total product flowing away from the flame enter the recirculation
zone. Near the rich blowout limit only fuel and products mix in the
recirculation zone, and so conservation of product mass requires
that the total mass flow into the recirculation zone mRZ is the sum
of the flow rates of products and fuel that enter
mRZ = mP,RZ + mF,RZ (31a)
thus,
YP,RZ = mP,RZ/mRZ = mP,RZ/(mP,RZ + mF,RZ) (31b)
In writing Eq. (31a), it is realized that although products and fuel
are continuously entering the recirculation zone, an equal amount
of mass per second of fully mixed gas must be leaving. Two entrain-
ment parameters are defined as
ε1 = mP,RZ/m P ε2 = mF,RZ/m F (32)
so that Eq. (31b) becomes
YP,RZ = [1 + (ε2/ε1)(m F/m P)]− 1 (33)
Conservation of mass requires that the mass flow rate of product
mP,SH produced in the shear layer over the distance from x = 0 to
LRZ equals the sum of the fuel and air mass flow rate entrained into
the shear layer over that distance.
mP,SH = mF,SH + mA,SH (34a)
In the shear layer the fuel and air are consumed in the stoichiometric
proportion rs so that
mF,SH = mA,SHrs (34b)
The characteristic air mass flow rate m A was defined by Eq. (3) to
be 0.01ρAUA H W , and so Eq. (30a) is rearranged to become
mA,SH = m A(0.026/0.01)(LRZ/H) (35)
The result of inserting Eqs. (34a), (34b), and (35) into Eq. (33) is
YP,RZ =
[
1 + β1(LRZ/H)− 1(m F/m A)
]− 1
(36)
β1 is (ε2/ε1) (0.01/0.026) (1 + rs)−1. Note that Eq. (36) displays the
correct physical trends. As the mass flow rate of fuel m F is increased
near the rich limit, more cold fuel mixes with hot products in the
recirculation zone, and Eq. (36) indicates that the mass fraction of
hot products YP,RZ decreases.
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One other quantity in Eq. (24) that must be estimated is the mix-
ture fraction fRZ at the lower edge of the shear layer. Many models
of turbulent nonpremixed combustion employ the concept that a
conserved scalar exists and there is an equilibrium state relation be-
tween the gas temperature T and the mixture fraction f . Therefore a
good assumption for fuel-rich conditions is that the mixture fraction
is
f = 1 − (1 − fs)(T − TF )/(TAD − TF ) (37)
Equation (37) correctly indicates that for pure fuel (T = TF ) f is 1,
and when T = TAD, f equals fs . We set f = fRZ and T = TRZ, then
replace TRZ with the right side of Eq. (26) to yield
fRZ = 1 − (1 − fs)YP,RZ (38)
In Eq. (38) one can make the approximation that fs << 1, and so
fRZ becomes (1 − YP,RZ).
Our final result for the rich limit is obtained by combining Eqs. (4),
(24), (27), (36), and (38) to yield
H/UA
τNP






(TAD − TF )
300 K











D−1 for the rich limit φ0 > 1 (40a)
Quantities B, C , and D are defined by Eqs. (8) and (9). Finally,
the left side of Eq. (39) is defined by Eq. (5) to be the Damkohler
number DNP, and so inverting Eq. (39) leads to
Da−1NP = φ−1o for the rich limit φ0 > 1 (40b)
Equation (40b) is identical to Eq. (11), which was shown to be a
reasonable curve fit to the experimental data in Fig. 5.
Note that Eq. (39) predicts that H should increase as φ0 increases.
This means that as the fuel mass flow rate increases toward the rich
limit the required step height H increases until it exceeds the actual
step height, and the flame will blow out. The physical reason for
blowout is that the addition of cold fuel, which replaces hot prod-
ucts in the recirculation zone, causes a reduction in the mass fraction
of hot products YP,RZ and the gas temperature ahead of the flame.
This lowers the burning velocity of the flame until it no longer can
find a gas velocity low enough for stabilization. However, if the air
stagnation temperature, fuel temperature, or adiabatic flame tem-
perature is increased, this reduces the required step height that is
calculated using Eq. (39). Replacing hydrocarbon fuel with hydro-
gen increases S0, and so a smaller step is needed. All of the trends
calculated using Eq. (39) are in agreement with the measurements
described in the preceding section. The analysis also agrees with the
experimental observation9,12 that increasing the fuel flow rate forces
the flame liftoff position to move downstream until it approaches
LRZ and blowout occurs.
VII. Lean Blowout Limit—Derivation
of the Flame Timescale τNP
Images of flame blowout9,12 indicate that the lean blowout limit
differs from the rich limit in the following way. Near the rich limit,
the flame base moves downstream as the fuel flow rate is increased
and fuel begins to fill the cavity. However, near the lean limit the
fuel flow rate is decreasing, which forces the flame length to become
much smaller, which tends to move the flame upstream and closer
to the fuel injector. Two possible lean blowout regimes have been
observed9; sometimes the flame appears to be anchored within the
recirculation zone, and sometimes it is anchored in the shear layer.
To provide some explanation of the complex process of lean flame
blowout, we consider only flames that are anchored in the shear
Fig. 8 Physical explanation of the lean blowout limit. The upper shear
layer represents mixing between fuel and the freestream air; mixing
in the lower shear is between fuel and the air/hot product gases from
the recirculation zone. Decreasing the fuel flow rate reduces the length
of the flammable zone Lf , which moves the flame base upstream until
its propagation velocity is less than the oncoming gas velocity and lean
blowout occurs.
layer, and represent them by the simplified shear layers shown in
Fig. 7. In the upper shear layer the freestream air mixes with the
fuel, while in the lower shear layer the recirculated products and air
mix with the fuel. The length of the fuel zone (denoted L f in Fig. 8)
is estimated to be the length of a planar fuel jet surrounded by air,
which is well-known and is given by45
L f = c3m F/(ρF DT ) (41)
The turbulent diffusivity DT is proportional to the product of veloc-
ity fluctuations and a mixing length; this product is proportional to
UAδA, so that
DT = c4UAδA (42)
It is assumed that there is similarity between the following profiles




= UA − US
UA − UCL =
T0 − T0A
TCL − T0A (43)
UCL is the velocity on the jet centerline. Because U varies from UA
to zero across the two shear layers and because the jet centerline is
halfway between the upper and lower shear layers, we approximate
UCL as UA/2. It is assumed that the lean limit occurs when the flame
base moves upstream to approximately x = 0. At this condition the
length of the fuel jet is small, and so a good approximation is that
fCL = 1. Thus Eq. (43) becomes
Us = UA(1 − fs/2) (44)
where  was assumed in the preceding section to be equal to the
value of  in a lifted jet flame, which is c1[(α/Sbase)/x]. The flame
liftoff height h is the x location, where the gas velocity and flame
propagation velocity are matched, and so we set Us = Sbase and x = h
to obtain







L f is defined as the length of the flammable zone seen in Fig. 7;
downstream of x = L f there is so much air present that the mixture
is not flammable. We also have defined h to be the x location on the
stoichiometric contour, where the gas velocity is sufficiently low that
it is matched to the propagation speed of the flame base. Therefore
the flame cannot be stabilized if the length of the flammable region
becomes less than the liftoff height, and so lean blowout occurs at
the limiting condition:
h = L f (46)
Now Eqs. (41–46) are combined; UA is replaced with
m A/(0.01ρA H W ) using the definition of m A [Eq. (3)]. DT is re-
placed with the right side of Eq. (42), and Sbase and α are replaced
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by Eqs. (22) and (23). With these substitutions, the nondimensional























where c5 is (	/W )(c1c4)/(0.01c3)(ρF/ρA). In the upper shear layer
(upstream of any reaction) the mixture fraction and temperature
profiles are similar, and so Eq. (43) can be rearranged to be
Ts = T0A + (TCL − T0A)( fs/ fCL) (48)
TCL is the temperature on the fuel jet centerline. We also assume
that the temperature in the lower shear layer varies linearly in the
y direction, so that TCL = (TRZ + T0A)/2. Because the recirculation
zone consists of products and air near the lean limit, the enthalpy
balance is
cpTRZ = YP,RZcpTAD + (1 − YP,RZ)cpT0A (49)
The mass fraction of products in the RZ depends on the mass flow
rate of products and air into the RZ according to
YP,RZ = mP,RZ/(mP,RZ + mA,RZ) (50)
We now define two new entrainment parameters:
ε3 = mA,RZ/mA,SH ε4 = mF,SH/m F (51)
Replacing the quantities in Eq. (50) using Eqs. (30) and (51) results
in
YP,RZ = [1 + (ε3/ε1)(0.026/0.01)(LRZ/H)(m A/m P)]−1 (52)
Conservation of mass requires that the mass flow rate of products
produced in the shear layer mP,SH equals mF,SH + mA,SH; the stoi-
chiometric fuel-air ratio rs is mF,SH/mA,SH so it follows that
m P = mF,SH
(
1 + r−1s
) = ε4m F(1 + r−1s ) (53)
The last two equations result in
YP,RZ =
[
1 + β3(LRZ/H)(m F/m A)−1
]−1
(54)
where β3 is [ε3/(ε1ε4)] (0.026/0.01) (1 + r−1s )−1. Equation (54) in-
dicates that if the fuel flow rate m F is decreased near the lean limit
fewer hot products are formed, so that the mass fraction of products
in the RZ decreases. This reduces the temperature Ts and the flame
speed.





























β−14 for the lean limit (56)
These are the same relations as Eqs. (6a) and (10) that were suc-
cessfully used to correlate the data. Combining the preceding equa-
tions also leads to a relation for the quantity A that is given by
Eq. (11a) and to a relation for β4 that is [(0.01c3)/(c1c4)][ρA/
ρF )[H/	][1 − fs/2]−1.
Our result [Eqs. (55) and (56)] correctly indicates that as the fuel
flow rate (and thus φ0) are decreased near the lean limit, the min-
imum step height H increases. The equations also indicate that a
larger step height also is required if the pressure, the air tempera-
ture, or the adiabatic flame temperature is decreased, which is in
agreement with experiments.
VIII. Conclusions
1) Approximately 100 values of flame blowout limits were tab-
ulated that were measured in six previous studies of nonpremixed
flames stabilized in high-speed airstreams. An analysis was per-
formed to identify the relevant Damkohler number and flame
timescale τNP for nonpremixed conditions. The analysis is based
on the assumption that the flame base exists in the shear layer and
has a propagation speed that is matched to the local gas velocity.
Using the Damkohler number of our analysis, it was found that the
high-speed, nonpremixed flame data could be adequately correlated.
Previously such a correlation has been reported only for relatively
low-speed premixed flames.
2) The analysis correctly predicts the measured trends associ-
ated with changes in the fuel flow rate, air stagnation temperature,
and gas pressure. It shows that the stoichiometric fuel-air ratio fs
is important because it determines the distance between the stoi-
chiometric contour and the high-speed airstream. It also provides
a useful definition of the overall fuel-air equivalence ratio for non-
premixed conditions, which is consistent with previous studies of
entrainment rates into recirculation zones.
3) Several differences between nonpremixed and premixed flame
stabilization are discussed. In the nonpremixed case the location of
fuel injection is important; if too much fuel is injected, the recircu-
lation zone becomes “flooded” with fuel and rapidly cools, leading
to rich blowout.
4) The analysis avoids an assumption that has been used in previ-
ous work, which requires that the residence time of a mixture of fuel
and air in the recirculation zone be matched to a chemical reaction
time associated with a homogeneous fuel-air mixture in the recir-
culation zone. Recent experiments by Kalt et al. show that fuel and
air do not coexist in the recirculation zone for their conditions. The
new features of the analysis are that a) fuel and air do not coexist
and react in the recirculation zone, but hot products coexist with fuel
near the rich limit and products and air coexist near the lean limit;
b) reactions occur in the shear layer, not the recirculation zone; and
c) blowout is governed by the imbalance between the flame propa-
gation speed and the gas velocity that occurs near the stoichiometric
contour.
5) The analysis demonstrates that additional research is needed
to quantify entrainment rates, the temperature and species concen-
trations in the recirculation zone, and the flow path taken by the
fuel from the injector to the shear layer. The poorest correlation of
blowout limits occurred when fuels are used that have large dif-
ferences in burning velocity, such as hydrogen and methane. This
suggests that the chemical time might not scale as square of the
burning velocity, which has been assumed in the past.
Appendix: Mixture Properties
Table A1 Properties of different fuel-air mixtures
Mixture S0, cm/sa fs b rs c TAD − T0A , Kd
Hydrogen-air 210 0.028 0.029 2018
Ethylene-air 73 0.064 0.068 1952
Methane-air 43 0.055 0.058 1848
Propane-air 43 0.06 0.064 1908
a S0 = stoichiometric laminar burning velocity at 300 K, 1 atm.
b fs = stoichiometric mixture fraction (defined in Ref. 33).
crs = stoichiometric fuel-air ratio.
dTAD = adiabatic flame temperature.
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